NONREPLICATED DNA AND FRAGMENTS IN T4 rprogeny is nicked to an extent that appears proportional to the ratio of v+ to vi parental phages (31) . In addition, UV irradiation of progeny phage resulting from such a mixed infection does not result in differential inactivation of the two phage types, but v+ and vi genotypes are present in equal proportion before irradiation and among survivors after a UV dose sufficient to kill 50% of v+ and 95% of vi phage (R. B. Shames, personal communication). These observations suggested to us a system where phenotypic mixing in conservative phage could be tested, and it will be demonstrated that conservative phage display phenotypic mixing of this protein.
During the course of this investigation it became apparent that purified rll-phage differed in several respects from wild-type 0 ,r phage. These differences were outlined in a previous communication (K. C., Fed. Proc., 29:864, 1970) and are described in the second part of the paper. In the third part it is shown that these characteristics of rI-phage are seen also in r-, but not in rIII-, mutants.
MATERIALS AND METHODS
All experiments were performed in TCG medium (18) (except the experiment illustrated in Fig. 11 , where TAG medium [22] was used for the preparation of the parental phage) at 37 C, and all manipulations involving 5-bromodeoxyuridine (BUdR)-labeled cells or phage were carried out in dim light. Standard plating methods were used to estimate bacteria and phage titres (1) .
Strains. The E. coli strains B23 and CR63 were used in the experiments described here. The bacteriophage strains were T4B 0 j (osmotic shock resistant, "wild type" in this study), T4D r59 (rIIA-; missense mutation), T4D r59 vi (constructed from r59 and vj single mutants; rIIA and UV sensitive), T4D r48 (rW) and T4D r67 (rIII). The rI and rII mutants were obtained from H. Berger, the rIII mutant was from S. Weintraub, and the v, mutant was from W. Harm. Preparation of phage. (i) Randomly isotopelabeled phage ("parental phage") were prepared essentially as previously described (15) by a single cycle of growth in [J2p]p-(P, 5 ug/ml, specific activity 0.1 to 5 mCi/mg), [3H]adenine-(0.2 Ag/ml, specific activity 0.2 mCi/mg), or [3H]thymidine-(5 ;g/ml, specific activity, 0.1 to 20 mCi/mg; 5 gg of 5-fluorodeoxyuridine [FUdR] per ml and 20 ,g of uracil per ml) containing TCG medium. Viability of "P-labeled phage was calculated as PFU per particle, the latter estimated from the '2P content of the phage (1 jAg of P corresponds to 5 x 1010 T4-equivalent units of DNA).
Unless otherwise stated, parental phage were prepared in E. coli CR63. This yields a uniform population of parental rII phage, since in this host strain the "maturation defect" (see Results and Discussion) of rII mutants is suppressed.
(ii) Progeny phage were prepared essentially as previously described (6, 15) . Bacteria were pelleted from a fresh broth culture and grown for one to two generations to 3 x 10' cells/ml in BUdR-containing ("heavy"; 200 Ag of BUdR per ml, 5 Ag of FUdR per ml, 20 gig of uracil per ml) TCG. The culture was infected with either "P-labeled ("light"; non-BUdRlabeled) phage, or with a mixture of "P-labeled light and cold heavy phage. The MOI was calculated from the total phage particles (from the "P-content or DNA content of the preparations) added per viable cell. Five minutes after infection, the cells were sedimented and resuspended in fresh heavy medium in order to remove unadsorbed parental phage. Approximately 70 to 90% of the parental radioactivity was recovered in the cell pellets. The residual level of contaminating viable parental phage after resuspension (PFU resistant to chloroform treatment of the resuspended infected cells) was <10-' phage per infected cell, whereas the average burst of r-phage was 20 to 40 viable particles per infected cell. Lysis occurred 25 to 40 min after infection with r-mutants, and was induced with CHCl3 90 min after infection under conditions of lysis inhibition. The lysate was treated with DNase (pancreatic endonuclease I) and progeny phage were purified as described previously (6, 15) . The final phage pellet was resuspended in 0.3 ml of 0.15 M NaCl-0.01 M Tris-hydrochloride, pH 7.4, and banded in CsCl. Conservative transfer typically resulted in a bimodal distribution of parental label similar to that illustrated in Fig. 10 A, B, and D. Fractions corresponding to the light peak, operationally defined as "conservative phage" were pooled (the slight displacement of this light peak from the peak of reference light phage is due to a host-dependent modification of the phage; see Fig. 9 and 12). The isolated light phage fractions were dialyzed for 4 h against 0.15 M NaCl-0.01 M Tris-hydrochloride, pH 7.4, at room temperature. Although the T4D strains employed are not resistant to osmotic shock, control experiments showed that, by dialyzing the pooled fractions rather than diluting them in order to remove CsCl, full viability of the phage was preserved.
Irradiation. Phage were suspended in 0.15 M NaCl-0.01 M Tris-hydrochloride, pH 7.4, during irradiation.
(i) UV irradiation (260 nm) was performed with a GE germicidal lamp without a filter. Phage samples were gently agitated during irradiation.
(ii) Black light irradiation was performed with a lamp giving monochromatic light at 340 nm. Phage suspensions were chilled with circulating ice water during irradiation.
Gradient centrifugations. Phage and DNA were prepared for CsCl and sucrose gradient analysis as previously described (16, 23) .
Phage CsCl gradients were prepared in broth containing 0.2 M MgCl2, and had an average density of 1.5 g/cm3. The gradients were centrifuged 18 Sucrose gradients contained 5 to 20% sucrose in 1 M NaCl (neutral gradients) or 1 M NaCl-0.2 M NaOH (alkaline gradients). They were centrifuged at 26,700 rpm for 3 h in a Spinco SW50 rotor.
All gradients were collected from the bottom, and radioactivity in each fraction was estimated in a Packard Tri-Carb scintillation spectrometer by using a toluene-based scintillation fluid.
With the exception for CsCl gradients of some rphage, all added label was quantitatively recovered in the collected fractions. (31) . The ability of heavy phage to induce sympathetic nicking of UVirradiated vi phage DNA was tested as follows. Light bacteria were infected (in the presence of chloramphenicol) with light 32P-labeled UVirradiated rII-vi phage (A), the same UVirradiated phage together with BUdR-labeled cold rII-v+ phage (B) or 32P-labeled UVirradiated light rII-v+ phage (C). This preparation of heavy phage was exponentially inactivated by black light irradiation to 0.05% survivors in 5 h (cf Fig. 1 (iii) Phenotypic mixing in conservative phage. The design of the phenotypic mixing experiment is outlined in Fig. 4 . Heavy E. coli B23 was infected with light 32P-labeled rII-v, phage, either alone (MOI = 6, part A) or together with heavy rII-v+ cold phage (MOI = 3 for each phage type, part B). After lysis of the cultures, progeny phage were purified and banded in CsCl. In this progeny all phage containing newly synthesized DNA, as well as the conservative rescuer in part B, will contain BUdR-substituted DNA, and the only light phage will be the conservative rll-v1 phage. These phage were isolated from the CsCl gradients. The pooled light fractions were then exposed to black light. Figure 5 shows that there was a measurable contamination of the light peak with heavy phage, but the phage surviving the black light illumination were as resistant to black light as the parental light phage. The relatively high contamination of the light peak was not unexpected. The gradients were collected from the bottom, which in our experience results in about 1% of the heavy phage band being recovered in the area of light phage. Irradiation of the unfractionated progeny failed to reveal biphasic inactivation kinetics (data not shown); thus, although a significant fraction of parental label is recovered in conservative phage, these phage form a very small minority in the entire burst. The inactivation plateau, which was reached at 0.5 to 1% survivors, cannot be accounted for by inefficient BUdR uptake during growth. The heavy phage used to obtain the graph in Fig. 1 was prepared from another portion of the heavy cells used in this mixed infection experiment, proving a very homogeneous BUdR-substitution. It was concluded, therefore, that the plateau observed in Fig. 5 represented the conservative light phages, which are insensitive to black light.
RESULTS
The genotype of the black-light-resistant phages was tested by picking several plaques, resuspending the phage in a small volume of buffer, and irradiating these suspensions with UV light. The results are shown in Table 1 . It is demonstrated that all phage obtained are UVsensitive, and thus only v, genotypes are present in the viable phage from either preparation of conservative phage.
To see whether there was any phenotypic resistance to UV light among conservative rIl-v1 phage from the mixed infection, the rate of UV inactivation of conservative phage from both parts of the experiment was tested. Figure 6 shows the results of the experiment. (20) . the rll-v+ phage.) It is obvious that phenotypic mixing has taken place in the mixedly infected cells. The results of this experiment provide additional evidence that viable conservative phage are true progeny phage containing DNA that has entered the cell, not participated in replication, but has been encapsulated again and released as a mature particle. In addition, this experiment shows that in encapsulation a random assortment of intracellular phage v protein was utilized.
The unusual parent-to-progeny transfer pattern observed in cells infected with rII mutants suggested that phage particles of an abnormal nature were produced. A more detailed characterization of phage particles and their DNA content was therefore undertaken.
Host-dependent characteristics of rllphage particles. T4rII-phages labeled either in those DNA portions transferred from a labeled parental phage by recombination during growth ("parental label") (6) or labeled randomly by growing the phage in radioactive medium ("progeny label") differ from wild-type T4B 0 phage after conventional purification of the phage. Figure 7 shows that only a fraction of the DNA label, whether "parental" or "progeny", in rII-B phage is recovered in a phage band upon centrifugation in CsCl. Residual label can be recovered from a pellet which forms on top of the gradient during centrifugation and which sticks to the walls of the tube upon Fig. 5 were exposed to 5 h of black light irradiation (Fig. 5) , and subsequently irradiated with UV light. The graph shows UV inactivation curves for conservative phage from cells infected with rII-v, phage alone (part A) as well as from cells mixedly infected with rII-vi and heavy rIIHv+ phage (part B). At the same time inactivation curves for the rII-vi parental phage used in this experiment, and for the rII-v+ light phage stock used to prepare the heavy co-infecting phage were obtained.
collection. The "parental label" associated with this floating fraction was previously analyzed and found to be mainly in conservative phage DNA (6) . The relative proportion between banding and floating phage varies considerably from preparation to preparation, although the distribution illustrated in Fig. 7 is rather typical. In contrast to this, r+ phage always band quantitatively in this type of gradient.
The right panel in Fig. 7 illustrates the sedimentation pattern of DNA from the same phage in an alkaline sucrose gradient. Native DNA showed essentially similar migration patterns (a gradient of this type is illustrated in Fig. 13 ). Note the distinctly bimodal sedimentation pattern. The recovery of added label in this gradient is quantitative, i.e., the pattern observed represents DNA from "CsCl banding phage" as well as from the "CsCl floating fraction." rII phages prepared in E. coli B display lower viability (PFU per phage-equivalent unit of 32P-DNA) than either rI--CR phage or wild-type phage (6) . To test the possibility that defective phage were present, some physical properties of rIl-B phage were investigated. 32P-labeled rII-B phage were mixed with 3H-labeled O0r phage, and the mixtures were subjected to various treatments. The ratio of 32p to 3H was not reduced by trichloroacetic acid precipitation, precipitation with anti-T4 antiserum, or DNase treatment followed by trichloroacetic acid precipitation (32P/3H = 1.1, 1.02, and 1.2, respectively, where the ratio in the original mixture was 1.0). However, when the mixture was allowed to adsorb to bacteria, the 20* A 
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LU 32P/3H ratio in the cell pellet was reduced to 0.72. It is likely that the nonadsorbing moiety forms the "CsCl floating fraction." The rIl B phage preparation used for these assays contained 72% of its DNA in "banding phage," and alkaline and neutral sucrose gradient sedimentation of its DNA revealed a peak at D2/D1 = 0.6 containing approximately 20% of the labeled DNA.
Neither rII-B nor rII-CR phage coband with the wild-type reference phage in CsCl gradients. Figure 8 demonstrates that the relative increase in density of rll-phage depends on the host in which the particles were encapsulated: rII--B phage are slightly denser than rII -CR phage (which in turn are denser than reference phage, Fig. 12 ) regardless of whether the phage DNA is randomly labeled with 32P or 3H (panels A and B) or labeled only in those portions of the DNA transferred from the parental rII-CR phage (panel C).
The relative density increment does not reflect an increase in the DNA density, nor in the quantity of DNA per phage. Reanalysis of phage from a CsCl band, and its DNA, is shown in Fig.  9 . Phage isolated from CsCl reband in the original location (panel A), whereas DNA isolated from such phage cobands with reference DNA in CsCl (panel B) and comigrates with intact reference DNA in both normal (panel C) and alkaline (panel D) sucrose gradients, although the phage itself retains its increased buoyant density.
It should be noted that, although a shoulder on the alkaline sucrose gradient peak of phage DNA (Fig. 9) indicates some fragmentation of the DNA, the distinct peak at DJDl = 0.6, which was present in the sucrose gradients in Fig. 7 and also seen in Fig. 13 , is absent in the gradients illustrated in Fig. 9 . The most likely explanation for this difference is that the DNA fragments are found in the "CsCl floating fraction" (cf. efficiencies of recovery in CsCl in Fig.  7 and 9) . The low buoyant density of the phage in this fraction suggests that only one or a few fragments are contained in one band.
We do not know the nature of this phage (22) as described previously (6) ([3H]leucine, 0.4 Aig/ml, specific activity 300 mCi/mg; P5 5ig/ml, specific activity 10 mCi/mg). The viability of this phage was 80%, which is unusually high for rI-phage. Progeny of this phage were prepared as described in Materials and Methods by using an MOI of 0.4 particles per cell. (Another portion of the culture was infected with an MOI of 5 particles per cell. Analysis of progeny from this culture gave results very similar to those shown here for the singly infected cells.) Both parental and progeny phage were analyzed in CsCI. No references were added to these gradients. The amounts of radioactivity recovered between 40 and 80%o of the length of the gradients, within which region the light parental phage banded, were summed and considered as 100% of recovered activities in constructing the graphs. The average specific activity of 3H/32P in the peak was obtained by summing the recovered activities in the fractions between the arrows and is expressed by the numbers over these arrows. density marker. It provides a useful tool, however, in discriminating between phages prepared in one or the other host, which was utilized in the previous study of parent-toprogeny transfer (6) . Also the rI mutant (Fig.  12) and an amber phage (17) are denser than Olr phage, and a spontaneous revertant of the r59 mutation, isolated as a plaque-former on K-12(X) which displays neither rapid lysis nor conservative transfer, retains the increased density (unpublished observations). The increased density is not a characteristic of D strains as opposed to B strains: T4DrIII67 cobands with T4BOr (Fig. 12D) .
Parent-to-progeny transfer, phage density, and DNA fragments in other rapid-lysis mutants of T4. The occurrence of conservative phage among progeny from different r mutants was analyzed in a manner analogous to that described by Kozinski (15) and utilized in the preceding study (6) . The parent-to-progeny transfer was studied in both E. coli B and in E. coli K12 in order to possibly correlate an occurrence of conservative transfer to rapid lysis, Figure 10 shows that, in the case of rI (panels A and B) and rII (panels D and F) mutants, a sizable portion of the parental label transferred to the progeny appears at the parental density location. This type of transfer is found in both host strains when infected with the rI mutant, but only in E. coli B when infected with the rII mutant, which correlates occurrence of rapid lysis and conservative transfer in rI-or rIinfected cells. In the case of the rIII mutant no such correlation is found.
To verify that the appearance of parental label at parental density in the CsCl gradient of rI progeny represented true conservative transfer, the transfer of parental DNA from a phage with labeled capsid was studied. This experiment was patterned on one previously described using an rIIP parental phage (6) where the specific activity of capsid label over DNA label was compared for parental and conservative progeny phage. The results, illustrated in Fig.  11 , were essentially identical to what was found with rII phage. Also in this case conservative phage from singly infected cells displayed a considerably lower capsid label to DNA label ratio, indicating that a large proportion of these phage contained parental DNA in an unlabeled capsid. Note, however, that there is no difference in density between parental and conservative progeny phage, in contrast to what was found with rI-phage (6) . This agrees with our (unpublished) observation that rI-B and rI-CR phage have the same buoyant density in CsCl.
These experiments demonstrated that rI and rII mutants both display conservative transfer, but the rIII mutant does not. When the studies described earlier were extended to include other rapid lysis mutants of T4, what has been described here for rIl--B phage was found to apply also to rI-phage (Fig. 12 and 13 and unpublished observations): phage have low "viability," purified phage preparations include a sizable fraction of particles with much lower buoyant density than normal phage, and there are two size classes of DNA associated with the phage. The rI mutant displays these properties in all host strains that have been tested, but rII mutants do so only when the phage is prepared in E. coli B (K. Carlson, Ph.D. thesis, Univ. of Pennsylvania, 1971). rIII mutants do not display any of these characteristics. DISCUSSION The mode of transfer of parental DNA to progeny rII-(or rI-) phage is quite heterogeneous, with contributions of parental DNA ranging from short, semiconservatively replicated pieces to fully conservative, nonreplicated molecules (6) . Three lines of evidence support the conclusion that those phages containing an entire nonreplicated parental chromosome ("conservative phage") are indeed newly formed progeny particles and not contaminating parental phage. (i) Conservative phage derived from an infection with parental phage labeled with [3H]leucine as well as [32P]phosphate contained significantly less 3H than did the parental phage (ref. 6 and our Fig. 11). (ii) The displacement between 'H (representing contaminating parental phage) and 32P (representing mostly conservative phage) in the CsCl gradient of this conservative rIl-progeny phage shows that the conservative phage have acquired the density characteristic for phage grown in the second host (6) . (iii) Conservative phage derived from a mixed infection display phenotypic mixing of a phage protein, the v gene product (Fig. 9) .
It should perhaps be emphasized here that the failure of a portion of the injected parental DNA to replicate is not unique to r mutants, but rather common under the experimental conditions employed here. The intracellular development of rIl-and wild-type phage in E. coli B, as measured by the rate and extent of DNA replication and molecular recombination, is indistinguishable (K. Carlson, Ph.D. thesis, Univ. of Pennsylvania, 1971) . Unique to cells infected with rII-(or rI-) phage is that the nonreplicated DNA is repackaged and released in a newly formed phage particle. We previously interpreted the unusual parent-to-progeny transfer patterns as indicating reduced molecular recombination in this system. However, the results can also be interpreted in terms of defects in maturation and DNA packaging. The reasons for the normally observed requirement for DNA replication during late transcription are not well understood. The two phenomena may be "uncoupled" in mutants deficient in genes 30 (ligase) and 46 (exonuclease?) (27) . Deficiency in the rII (or rI) gene may similarly allow an "uncoupling" of' replication and late transcription, if' for instance the DNA from the infecting phage is inaccessible to the DNA replication enzyme(s), yet accessible to enzymes involved in the transcription and maturation. This inaccessibility could reflect a compartmentation of the cell excluding nonreplicative DNA from enzymes and other proteins coded from replicative DNA. The observation of phenotypic mixing, however, suggests that there is no physical compartmentation in the cells, so if this explanation is correct, "inaccessibility" should reflect conditions of the DNA itself or its immediate surroundings (e.g., the replicative complex). Although the f'airly constant ratio of conservative to replicative transfer independent of the multiplicity of' infection suggests that the modif'ications may be permanently "engraved" upon a DNA molecule, predestinating a certain proportion of infecting genomes for conservative transfer, the fact that conservative phage are viable (plaque forming) nevertheless indicates that conservative transfer may affect a random 10 to 30% of the injected molecules.
A different explanation for the observed "uncoupling" is that in normal T4 infection there are low levels of late transcription in the absence of' DNA replication, which may not be adequate to be detected in hybridization-competition experiments (4, 19, 26, 30) but suff'icient to allow the encapsulation of' one or a f'ew phage particles.
A choice between the two alternatives outlined above is not possible on the basis of existing data, but will have to await a better understanding of the controls of transcription and maturation in T4. 
